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Abstract 
,QVSLUHGE\1DWXUH¶VFDSDFLW\WRV\QWKHVL]Hwell-defined inorganic nanostructures, such as the 
magnetite particles produced by magnetotactic bacteria, genetic algorithms are employed to 
combinatorially optimize the aqueous synthesis of magnetite (Fe3O4) nanoparticles through 
the action of copolypeptide additives. An automated dispensing system is used to prepare and 
rapidly screen hundreds of mineralization reactions with randomized conditions, varying 
ferrous iron, base, oxidant and polypeptide chemistry. Optimization over multiple generations 
allows identification of conditions under which the copolypeptides promote magnetite 
formation where this does not occur in their absence. It is found that nanoparticle size, size 
distribution, and shape can be tuned by the concentrations and compositions of the 
copolypeptides, and that the reaction pH is the most important factor in controlling the 
crystalline phase. This approach should be broadly applicable to the syntheses of solid-state 
materials and represents a valuable strategy for extending biomimetic mineralization to the 
production of technological materials. 
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1. Introduction 
0DJQHWLWH IRUPDWLRQ E\ PDJQHWRWDFWLF EDFWHULD LV DQ H[FHOOHQW H[DPSOH RI ELRORJLFDOO\
FRQWUROOHG QDQRSDUWLFOH V\QWKHVLV >@ ZKHUH VSHFLDOL]HG ELRSRO\PHUV IXQFWLRQ LQ FRQFHUW WR
UHJXODWH QDQRSDUWLFOH VL]H PRUSKRORJ\ DQG SRO\PRUSK >@ 6\QWKHWLF VWUDWHJLHV WR PLPLF
PDJQHWLWHELRPLQHUDOL]DWLRQDUHZLGHO\VRXJKW>@ERWKWRFUHDWHVLPSOLILHGPRGHOV\VWHPVWKDW
FDQUHYHDONH\PLQHUDOL]LQJPHFKDQLVPVDQGWRHQDEOHVXVWDLQDEOHORZWHPSHUDWXUHURXWHVWR
LQGXVWULDO PDWHULDOV SURGXFWLRQ>@ +RZHYHU ELRJHQLF PDJQHWLWH IRUPDWLRQ HPHUJHV IURP D
KLJKO\ FRPSOH[ UHDFWLRQ VSDFH ZLWK DSSUR[LPDWHO\  SURWHLQV FRQWULEXWLQJ WR WKH
PLQHUDOL]DWLRQV\VWHPLQPDJQHWRWDFWLFEDFWHULD>@)XUWKHU³LURQR[LGHK\GUR[LGH´LVDOVRD
FRPSOH[PLQHUDOV\VWHPWKDWFRPSULVHVGLIIHUHQWFU\VWDOOLQHSKDVHV>@RIZKLFKPDQ\DUH
PRUHVWDEOHWKDQPDJQHWLWHXQGHUVLPSOHDTXHRXVFRQGLWLRQV,WKDVWKHUHIRUHSURYHQGLIILFXOW
WR V\QWKHVL]H SKDVHSXUH PDJQHWLWH QDQRFU\VWDOV ZLWK ZHOOFRQWUROOHG GLPHQVLRQV DQG
PRUSKRORJ\XQGHUELRPLPHWLFORZWHPSHUDWXUHDTXHRXVFRQGLWLRQV 
&XUUHQW V\QWKHWLF URXWHV WR KLJKO\ PRQRGLVSHUVH PDJQHWLWH QDQRSDUWLFOHV UHTXLUH
K\GURWKHUPDOFRQGLWLRQV>@RUKLJKERLOLQJVROYHQWV>@DQGRIWHQHPSOR\FRVWO\RUJDQRPHWDOOLF
SUHFXUVRUV3UHYLRXVELRPLPHWLFVWXGLHVKDYHDFKLHYHGVRPHVXFFHVVE\FRQWUROOLQJUHDFWDQW
VXSSO\ WR LQIOXHQFH WKH DYHUDJH VL]H DQG PDJQHWLF SURSHUWLHV RI PDJQHWLWH FU\VWDOV >@ DQG
QHJDWLYHO\RUSRVLWLYHO\FKDUJHGSRO\PHUVKDYHEHHQXVHGDVSURWHLQDQDORJXHVWRFRQWUROWKH
PRUSKRORJ\VL]HGLVWULEXWLRQDQGVROXELOLW\RIPDJQHWLWHQDQRSDUWLFOHV>@+RZHYHUDV\HWQR
DTXHRXVEDVHGV\QWKHVLVKDVVXFFHHGHGLQJHQHUDWLQJPRQRGLVSHUVHSKDVHSXUHPDJQHWLWHLQ
DTXHRXVVROXWLRQVWRULYDOWKHQDQRSDUWLFOHVSURGXFHGLQRUJDQLFVROYHQWV±RULQGHHGLQ1DWXUH 
7KH FRPSOH[LW\ RI DTXHRXV PDJQHWLWH SUHFLSLWDWLRQ PDNHV WKLV V\VWHP ZHOO VXLWHG WR
H[SORUDWLRQYLDFRPELQDWRULDODSSURDFKHVZKHUHWKHVHFDQVDPSOHPXFKODUJHUUHDFWLRQVSDFHV
WKDQ FDQ EH DFKLHYHG LQ FRQYHQWLRQDO H[SHULPHQWV 7R SURGXFWLYHO\ KDUQHVV VXFK PXOWL
GLPHQVLRQDO UHDFWLRQ VSDFHV LW LV HVVHQWLDO WKDW ZH FDQ UDSLGO\ DVVHVV DQG RSWLPL]H UHDFWLRQ
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FRQGLWLRQVWRDFKLHYHGHILQHGRXWFRPHV2QHDSSURDFKWKDWLVEHJLQQLQJWREHH[SORUHGLVWKH
DSSOLFDWLRQRIJHQHWLFDOJRULWKPVZKHUHWKHVHDUHLQVSLUHGE\WKHPHFKDQLVPVRIGLYHUVLILFDWLRQ
DQG VHOHFWLRQ LQ QDWXUDO ELRORJLFDO HYROXWLRQ >@ $IWHU D ILUVWURXQG RI VFUHHQLQJ ZKLFK
LGHQWLILHV WKH PRVW SURPLVLQJ UHDFWLRQ SURGXFWV WKH ³OHDG FRQGLWLRQV´ XQGHU ZKLFK WKHVH
SURGXFWVZHUH JHQHUDWHG DUHXVHG WR FUHDWH D VHFRQGJHQHUDWLRQRI UHDFWLRQFRQGLWLRQV7KH
UHDFWLRQODQGVFDSHFDQWKHQEHIXUWKHUQDUURZHGLQVXFFHVVLYHVFUHHQLQJURXQGVDFFRUGLQJWR
WKH SURGXFW FKDUDFWHULVWLFV WKDW GHWHUPLQH UHDFWLRQ VHOHFWLRQ LH WKH ILWQHVV IXQFWLRQ 7KH
SRWHQWLDORIWKLVVWUDWHJ\KDVEHHQGHPRQVWUDWHGLQFRPELQDWRULDOFKHPLVWU\>@GUXJGLVFRYHU\
>@DQGKLJKWKURXJKSXWPDWHULDOVGHYHORSPHQW >@DQGZHUHFHQWO\VKRZHG LWVYDOXH LQ WKH
UDSLGLGHQWLILFDWLRQRIFRPELQDWLRQVRIDPLQRDFLGVDQGVXUIDFWDQWVWKDWGLUHFWWKHDVVHPEO\RI
IOXRUHVFHQWFDGPLXPVXOILGHTXDQWXPGRWVXSHUVWUXFWXUHV>@ 
,QWKHSUHVHQWVWXG\ZHDSSO\JHQHWLFDOJRULWKPVWRELRPLPHWLFPLQHUDOL]DWLRQVHOHFWLQJDV
RXUJRDO WKH FKDOOHQJHRI V\QWKHVL]LQJSKDVHSXUHPRQRGLVSHUVHPDJQHWLWHQDQRSDUWLFOHV LQ
DTXHRXV VROXWLRQV 6WXG\LQJ WKH SUHFLSLWDWLRQ RI PDJQHWLWH LQ WKH SUHVHQFH RI GLIIHUHQW
SRO\SHSWLGHV DQG UHDFWLRQ FRQGLWLRQV WKH ZRUN GHVFULEHG KHUH VKRZV KRZ FRPELQDWRULDO
PHWKRGVOHGE\JHQHWLFDOJRULWKPVFDQSURYLGHDQHIIHFWLYHVWUDWHJ\IRU LGHQWLI\LQJWKHNH\
FRQGLWLRQVXQGHUZKLFKWKHRUJDQLFDGGLWLYHVDUHPRVWHIIHFWLYHIRUWKLVPLQHUDOL]DWLRQV\VWHP
:HGHPRQVWUDWHWKDWSRO\SHSWLGHVFDQHQDEOHWKHIRUPDWLRQRIPDJQHWLWHLQDTXHRXVVROXWLRQ
XQGHUUHDFWLRQFRQGLWLRQVZKHUHLWLVRWKHUZLVHLPSRVVLEOHDQGDOVRUHYHDOGLUHFWVOLQNVEHWZHHQ
WKHFRPSRVLWLRQRIWKHSRO\SHSWLGHVDQGWKHVL]HVRIWKHPDJQHWLWHQDQRSDUWLFOHV 
  
 
2. Results 
 
2.1. Experimental Strategy 
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:KLOHDUDQJHRIWHFKQLTXHVFDQEHXVHGWRV\QWKHVL]HPDJQHWLWHIURPDTXHRXVVROXWLRQ
ZHVHOHFWHGWKHSDUWLDOR[LGDWLRQPHWKRGZKLFKRQO\LQYROYHVWKUHHHVVHQWLDOUHDFWDQWVIHUURXV
LURQ)H&OEDVH.2+DQGR[LGDQW.12>@DQGWKXVLVZHOOVXLWHGWRKLJKWKURXJKSXW
VFUHHQLQJ H[SHULPHQWV $ VROLG IHUURXV K\GUR[LGH SUHFXUVRU ± ZKLWH UXVW ± LV LQLWLDOO\
SUHFLSLWDWHG(TXDWLRQDQGLVWKHQSDUWLDOO\R[LGL]HGWRPDJQHWLWH(TXDWLRQFRPPRQO\
XVLQJQLWUDWH12±DVWKHR[LGDQW>FD@7KHUHDFWLRQFDQDOVREHFDUULHGRXWLQDLUVXFK
WKDWR[\JHQFDQSDUWLFLSDWHDVDQR[LGDQW$V WKHSDUWLDOR[LGDWLRQ LV FRQWUROOHG WKURXJK WKH
R[LGDWLRQRI WKHIHUURXVK\GUR[LGHSUHFXUVRU>FDDE@PDJQHWLWH IRUPDWLRQ LVDVORZDQG
WXQDEOHSURFHVV'LUHFWPL[LQJRI)H)HVDOWVDWKLJKS+LQFRQWUDVWJLYHVLQVWDQWPDJQHWLWH
IRUPDWLRQZLWK OLWWOHSRVVLELOLW\RIFRQWURORYHUSDUWLFOHVL]HSKDVHSXULW\RUPRUSKRORJ\>@
ZKHUHDVWKHVORZFRSUHFLSLWDWLRQPHWKRGXVLQJWKHLQGLIIXVLRQRIDPPRQLDUHTXLUHVDVHDOHG
HQYLURQPHQWIRUHDFKUHDFWLRQDQGQRWHDVLO\FRPSDWLEOHZLWKWKHXVHRIDSLSHWWLQJURERW>F@ 
(TXDWLRQ 
)HDT2+±Æ)H2+ 
(TXDWLRQ 
)H2+2;Æ)H2+25(' 
2;R[LGDQW 12±RU25('UHGXFWDQW 12± 
.H\WRRXUELRLQVSLUHGDSSURDFKZDVDOVRWKHXVHRIQLQHUDQGRPFRSRO\SHSWLGHDGGLWLYHV
DPLQRDFLGFRSRO\PHUVWRPHGLDWHWKHUHDFWLRQ7KHVHSRO\SHSWLGHV(.$KDYHDGHJUHHRI
SRO\PHUL]DWLRQRIaDQGFRQWDLQJOXWDPLFDFLG(O\VLQH.DQGDODQLQH$LQDZLGHUDQJH
RIPRQRPHUFRPSRVLWLRQV7DEOH>@7KLVFRPSRVLWLRQDOIUHHGRPDOORZVXVWRH[SORUHWKH
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HIIHFWVRIERWKWKHQHWFKDUJHDQGWKHK\GURSKRELFLW\RIVROXEOHSRO\PHUDGGLWLYHVRQPLQHUDO
IRUPDWLRQ DFURVV WKH IXOO SDUDPHWHU VSDFH ,Q D VORZ FRSUHFLSLWDWLRQ UHDFWLRQ LQYROYLQJ WKH
GLIIXVLRQ RI DPPRQLD LQWR WKH VROXWLRQ WKHVH SRO\SHSWLGHV KDYH EHHQ IRXQG WR DIIHFW WKH
QXFOHDWLRQ DQG JURZWK RI PDJQHWLWH QDQRSDUWLFOHV>G @ 7KH\ WKHUHIRUH VHUYH DV JRRG
FDQGLGDWHVIRURXURSWLPL]DWLRQVWXGLHV 
+DYLQJ HVWDEOLVKHG RXU EDVLF UHDFWLRQ VSDFH VHWV RI FRPELQDWRULDO H[SHULPHQWV ZHUH
SHUIRUPHG WR LGHQWLI\ WKH FRQGLWLRQV ZKLFK VXSSRUW WKH IRUPDWLRQ RI SKDVHSXUH PDJQHWLWH
SDUWLFOHV ZLWK QDUURZ VL]H GLVWULEXWLRQV *LYHQ WKH QXPEHU RI YDULDEOHV LQYROYHG JHQHWLF
DOJRULWKPVSURYHGH[WUHPHO\YDOXDEOHWRUDSLGO\LGHQWLI\WKHUHDFWLRQFRQGLWLRQVZKLFK\LHOG
SDUWLFOHVZLWKWKHGHVLUHGWDUJHWSURSHUWLHV,QRXUELRPLPHWLFPDWHULDOVV\QWKHVLVWKH³JHQHV´
DUHUHSUHVHQWHGE\WKHFRQFHQWUDWLRQVRIWKHSRO\SHSWLGHV)H&O.2+DQG.12DQGWKHLU
FRPELQDWLRQ ZLWK VSHFLILF YDOXHV IRU HDFK VSHFLHV 7RJHWKHU WKHVH HQFRGH D JLYHQ
PLQHUDOL]DWLRQUHDFWLRQ)LJXUH 
,QLWLDOO\ PDQ\ ³SDUHQW´ UHDFWLRQV DUH SUHSDUHG ZLWK UDQGRPO\ FKRVHQ JHQH YDOXHV LH
UHDJHQWFRQFHQWUDWLRQVDQGWKHUHDFWLRQSURGXFWVDUHVFUHHQHGIRU³ILWQHVV´DFFRUGLQJWRWKHLU
FDSDFLW\WRPHHWGHILQHGSHUIRUPDQFHFULWHULD>@'XHWRLWVGLVWLQFWLYHEODFNFRORUDQGPDJQHWLF
SURSHUWLHV>@PDJQHWLWHLVDQHDVLO\LGHQWLILHGSURGXFWDQGLWVIRUPDWLRQUHSUHVHQWVDFRQYHQLHQW
ILWQHVV IXQFWLRQ IRU UDSLG FRPELQDWRULDO VFUHHQLQJ 2QFH VHOHFWHG ³ZLQQLQJ´ JHQHV DUH
GLYHUVLILHGYLDUHFRPELQDWLRQDQGPXWDWLRQWRFUHDWHDQHZJHQHUDWLRQRI³GDXJKWHU´UHDFWLRQV
WKDWDUHH[SHFWHGWRLQKHULWWKHVXSHULRUSURSHUWLHVRIWKHLU³SDUHQWV´%\H[DPLQLQJVXFFHVVIXO
UHDFWLRQ FRQGLWLRQV HDFK VFUHHQLQJ URXQG SURYLGHV QHZ LQVLJKW LQWR WKH UHDFWLRQ SDUDPHWHU
VSDFH WKDW SURGXFHV ELRPLPHWLF PDJQHWLWH 'HWDLOHG GHVFULSWLRQV RI WKH UHDFWLRQ FRQGLWLRQV
HPSOR\HGLQHDFKURXQGRIH[SHULPHQWVLVSURYLGHGLQWKHPHWKRGVVHFWLRQ 
 
2.2. First Generation (Parent) Experiments 
  
7 
 
 
 
([SHULPHQWV ZHUH SHUIRUPHG XVLQJ D OLTXLG KDQGOLQJ URERW WR DXWRPDWLFDOO\ GLVSHQVH WKH
UHDFWDQWVROXWLRQV LQWRZHOOSODWHVZKHUH WKHSURSRUWLRQVRI WKHUHDFWDQWVZHUHUDQGRPO\
VHOHFWHGXVLQJDFXVWRPVFULSW>@7KH ILUVW JHQHUDWLRQRIH[SHULPHQWVZDVSHUIRUPHG LQ WKH
DEVHQFHDQGSUHVHQFHRIWKH(.$SRO\SHSWLGHVXQLTXHFRSRO\PHUIUHHH[SHULPHQWVZHUH
FDUULHG RXW E\ SUHSDULQJ DTXHRXV PL[WXUHV RI )H&O .2+ DQG .12 DQG VXEVHTXHQWO\
H[SRVLQJWKHVHWRDLUXQGHUPHFKDQLFDOPL[LQJIRUKRXUVDW&7KHH[SHULPHQWVZHUH
GHVLJQHGWRFRQWDLQXSWRDIROGH[FHVVRIEDVHUHODWLYHWRR[LGDQWZKHUHWKLVLVH[SHFWHGWR
HQDEOHFRPSOHWHFRQYHUVLRQWRPDJQHWLWHDFFRUGLQJWR(TXDWLRQVDQG6WULNLQJO\QRQHRI
WKHVH H[SHULPHQWV JHQHUDWHG PDJQHWLWH )LJXUH D ³&WUO´ EXW LQVWHDG IRUPHG IHUULK\GULWH
)H2ā[+2RUDQJHDQGRUJRHWKLWHĮ)H22+JUHHQ7KLVGHPRQVWUDWHVWKDWWKHUHDFWLRQ
FRQGLWLRQV ZHUH WRR VWURQJO\ R[LGL]LQJ WR DFKLHYH WKH RQO\ SDUWLDO R[LGDWLRQ RI )H WKDW LV
UHTXLUHGIRUPDJQHWLWHIRUPDWLRQ 
7KHDFWLYLWLHVRI WKHSRO\SHSWLGHV LQGLUHFWLQJPDJQHWLWH IRUPDWLRQZHUH WKHQDVVHVVHGE\
DGGLQJRQHRIWKH(.$SRO\SHSWLGHVWRHDFKRIWKHPLQHUDOL]DWLRQUHDFWLRQV\LHOGLQJ
DGGLWLRQDOH[SHULPHQWV)LJXUH,QFRQWUDVWWRWKHFRQWUROH[SHULPHQWVRIRI
WKHUHDFWLRQVZLWK(.$DGGLWLYHVVXSSRUWHGPDJQHWLWHIRUPDWLRQZKHUHWKLVZDVLGHQWLILHGE\
EODFNFRORUIRUPDWLRQ)LJXUHDDQGDYLVLEOHPDJQHWLFUHVSRQVHWRDKDQGKHOGQHRG\PLXP
GLVFPDJQHW7KLVILQGLQJVWURQJO\VXJJHVWVWKDWWKHSRO\SHSWLGHVUHWDUGWKHR[LGDWLRQUHDFWLRQ
PRVWSUREDEO\E\ELQGLQJWRWKH)H>G@$QDO\VLVRIWKHGDWDVKRZHGWKDWDGHILQHGUDQJHRI
>)H@DQG>(.$@>)H@UDWLRVJHQHUDWHGPDJQHWLWH)LJXUHEUHGGDVKHGOLQHVDOWKRXJK
QRW DOO H[SHULPHQWV LQ WKLV SDUDPHWHU VSDFH ZHUH VXFFHVVIXO +HQFH WKH >)H@ DQG >(.$@
FRQFHQWUDWLRQVZHUHGHVLJQDWHGLPSRUWDQWLQWKHIRUPDWLRQRIPDJQHWLWHDQGZHUHHPSOR\HGDV
WKH³JHQHV´ZKLFKZHUHWDUJHWHGIRUGLYHUVLILFDWLRQLQWKHQH[WJHQHUDWLRQRIFRPELQDWRULDO,W
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VKRXOGKRZHYHUEHQRWHGWKDWVLPLODUUHODWLRQVKLSVH[LVWEHWZHHQWKHREWDLQHGSKDVHDQGHLWKHU
WKH >2+±@  >)H@ RU WKH >12±@  >)H@ UDWLR )LJXUH 6$OVR WKHUH ZHUH QR VLJQLILFDQW
GLIIHUHQFHVLQWKHDELOLWLHVRIWKHGLIIHUHQWSRO\SHSWLGHVWRJHQHUDWHPDJQHWLWH)LJXUHV6F
DQG WKXVDOO(.$SRO\SHSWLGHVZHUH WDNHQ IRUZDUGDVJHQHWLFHOHPHQWV LQ WKHVXEVHTXHQW
RSWLPL]DWLRQURXQG 
 
2.3. Second Generation Experiments 
 
7KH VHFRQG URXQG RI VFUHHQLQJ ZDV SHUIRUPHG WR DJDLQ WDUJHW UHDFWLRQ FRQGLWLRQV ZKLFK
JHQHUDWH SKDVHSXUH PDJQHWLWH 5HDFWLRQ FRQGLWLRQV LH HQFRGLQJ JHQHV IRU WKLV VHFRQG
VFUHHQLQJURXQGZHUHSURGXFHGXVLQJDJHQHWLFDOJRULWKP)LJXUHDQG([SHULPHQWDO6HFWLRQ
%ULHIO\ WKHZLQQLQJSDUHQW UHDFWLRQV IURP URXQGZHUH UDQGRPO\VHOHFWHG WZR UHDFWLRQ
FRQGLWLRQ VHWV DW D WLPH DQG ZHUH PDWHG VXFK WKDW WKHLU >)H@ DQG >(.$@ JHQHV ZHUH
UHFRPELQHGWRFUHDWHWZRQHZGDXJKWHUH[SHULPHQWV7KLVSURFHVVZDVUHSHDWHGWRJHQHUDWH
GDXJKWHUUHDFWLRQV)LJXUH6D 
9LVXDO LQVSHFWLRQ RI WKH UHDFWLRQ SURGXFWV GHPRQVWUDWHG WKH VXFFHVV RI WKLV RSWLPL]DWLRQ
SURFHVVZLWKRXWRIRIH[SHULPHQWVQRZVKRZLQJHYLGHQFHRIPDJQHWLWHIRUPDWLRQ
)LJXUHD)XUWKHUH[DPLQDWLRQE\7(0DQGHOHFWURQGLIIUDFWLRQ)LJXUHVFHGHPRQVWUDWHG
WKDWWKH(.$DGGLWLYHVRQO\VXSSRUWPDJQHWLWHIRUPDWLRQDW)HFRQFHQWUDWLRQV!P0DQG
LQDQDUURZS+UDQJHS+ DVGHILQHGE\>2+±@H[FHVV P0+RZHYHUWKLV
PDJQHWLWHSURGXFWRIWHQFRSUHFLSLWDWHGZLWKJRHWKLWH)LJXUHE/RRNLQJDFURVVWKHZKROH
S+ UDQJH QDQRFU\VWDOOLQH IHUULK\GULWH IRUPV DW WKH ORZHVW YDOXHV RI >2+±@H[FHVV SRRUO\
FU\VWDOOL]HGPDJQHWLWHIRUPVDWLQWHUPHGLDWH>2+±@H[FHVVKLJKO\FU\VWDOOLQHPDJQHWLWHIRUPVDW
KLJKHU>2+±@H[FHVVDQGJRHWKLWHLVWKHVROHSURGXFWDWWKHKLJKHVWYDOXHVRI>2+±@H[FHVV([FHVV
EDVHZKLFKLVNQRZQWRFRQWUROWKHR[LGDWLRQUDWH>DD@DVZHOODVWKH)H)HHTXLOLEULXP>@
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WKHUHIRUHDSSHDUVWRLQIOXHQFHWKHSKDVHDQGFU\VWDOOLQLW\RIWKHREWDLQHGSURGXFWVWRRLQFRQFHUW
ZLWKWKH(.$SRO\SHSWLGHVDVDOUHDG\ZDVREVHUYHGLQWKHILUVWJHQHUDWLRQH[SHULPHQW 
7KH 7(0 VWXGLHV DOVR UHYHDOHG WKDW WKH PDJQHWLWH SDUWLFOHV H[KLELWHG GLIIHUHQW VL]H
GLVWULEXWLRQVDFFRUGLQJWRWKHSRO\SHSWLGHLURQUDWLRDQGWKHFRPSRVLWLRQVRIWKHSRO\SHSWLGHV
)LJXUHVDFDQG6D:KLOHKLJKO\SRO\GLVSHUVHVDPSOHVFRPSULVLQJQPFU\VWDOVZHUH
REWDLQHG DW UHODWLYHO\ KLJK >(.$@  >)H@ UDWLRV PXFK QDUURZHU VL]H GLVWULEXWLRQV ZHUH
DFKLHYHGDWORZHU>(.$@>)H@UDWLRV)LJXUH6D1RWDEO\WKHPDMRULW\RIWKHVDPSOHV
ZKLFKSRVVHVVHGDVPDOOVWDQGDUGGHYLDWLRQıUHODWLYHWRWKHPHDQGLDPHWHUȝZLWKıȝ
ZHUHJHQHUDWHGXVLQJSRO\SHSWLGHVZLWKKLJK$FRQWHQWVGHPRQVWUDWLQJDQLPSRUWDQWUROH
IRUWKHSRO\SHSWLGHFRPSRVLWLRQ,QWKLVURXQGVWLOORXWRIWKH(.$SRO\SHSWLGHVSURGXFHG
VDPSOHVZLWKQDUURZVL]HGLVWULEXWLRQVXQGHUGLIIHUHQW UHDFWLRQFRQGLWLRQV)LJXUHV6FDQG
6FDQGWKXVZHUHFDUULHGRQWRWKHWKLUGJHQHUDWLRQH[SHULPHQWV 
 
2.4. Third Generation Experiments 
 
 
,QWKHWKLUGDQGILQDOURXQGRIRSWLPL]DWLRQFRQGXFWHGLQWKHSUHVHQWVWXG\ZHWDUJHWHGZHOO
FU\VWDOOL]HGPDJQHWLWHSDUWLFOHVZLWKQDUURZVL]HGLVWULEXWLRQV7RDFKLHYHWKLVWKHUHDFWLRQ
FRQGLWLRQVWKDW\LHOGHGZHOOGHILQHGPDJQHWLWHFU\VWDOVZLWKQDUURZVL]HGLVWULEXWLRQVZHUHXVHG
DVSDUHQWVH[SHULPHQWVIURPURXQGDQGQLQHH[SHULPHQWVIURPURXQG)LJXUH6DQG
URXQG UHDFWLRQFRQGLWLRQVZHUH FUHDWHGXVLQJ WKHJHQHWLF DOJRULWKPHPSOR\HG LQ URXQG
\LHOGLQJDWRWDORIWKLUGJHQHUDWLRQH[SHULPHQWV,QWKLVJHQHUDWLRQ2+±FRQFHQWUDWLRQVZHUH
FKRVHQUDQGRPO\WRJHQHUDWHS+YDOXHVRIS+ >2+±@H[FHVV P0DVWKH
VHFRQGURXQGVFUHHQLQJKDGLGHQWLILHGWKHKLJKHUS+UHJLPHWR\LHOGZHOOGHILQHGPDJQHWLWH
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FU\VWDOV&RQWURO VHWV RI WKH ILQDO UHDFWLRQFRQGLWLRQVZHUH DOVRSUHSDUHG WR H[DPLQH WKH
HIIHFWVRI.12DVWKHR[LGDQWDQGGLIIHUHQW(.$SRO\PHURQPDJQHWLWHIRUPDWLRQ)LJXUHD 
,QWKHSUHVHQFHRI.12DVR[LGDQWDQGGLIIHUHQW(.$SRO\PHUVDOOWKLUGURXQGUHDFWLRQV
JHQHUDWHG PDJQHWLWH )LJXUH D OHIWPRVW UHDFWLRQ VHW GHPRQVWUDWLQJ WKH HIILFLHQF\ RI WKH
JHQHWLFRSWLPL]DWLRQVWUDWHJ\,QWKHPDMRULW\RIFDVHVWKHPDJQHWLWHSURGXFHGZDVSKDVHSXUH
DQGWKHSDUWLFOHVH[KLELWHGZHOOGHILQHGPRUSKRORJLHVDQGQDUURZVL]HGLVWULEXWLRQVıȝ 
7KHH[FHSWLRQVZHUH UHDFWLRQVZLWK ORZ >)H@ DQGKLJK >2+±@H[FHVVZKLFKJDYH
PL[WXUHVRIPDJQHWLWHDQGJRHWKLWH)LJXUHF&RQWUROH[SHULPHQWVSHUIRUPHGLQWKHDEVHQFH
RI WKH SRO\SHSWLGHV \LHOGHG JRHWKLWH DV WKH SULQFLSDO SURGXFW DQG RQO\  UHDFWLRQV DOVR
FRQWDLQHGVRPHPDJQHWLWHDVZDVFOHDUIURPWKHEODFNFRORU)LJXUHDULJKWPRVWUHDFWLRQVHW
DQGPDJQHWLFUHVSRQVHRIWKHSURGXFWV7KLVDJDLQFRQILUPVWKDWWKHSRO\SHSWLGHVZHUHNH\WR
WKHSURGXFWLRQRIPDJQHWLWH,WLVVWUHVVHGWKDWWKLVLVQRWDVLPSOHS+HIIHFWDVWKHSRO\SHSWLGHV
GRQRWFKDQJHWKHS+RIWKHUHDFWLRQVROXWLRQ 
([DPLQDWLRQRIWKHFU\VWDOSURGXFWVE\7(0IXUWKHUFRQILUPHGWKDWWKHVL]HVDQGVKDSHVRI
WKHFU\VWDOVFRXOGEHWXQHGDFFRUGLQJWRWKHFRPSRVLWLRQVRIWKHSRO\SHSWLGHV7KHFU\VWDOVZHUH
URXQGHG ZKHQ WKH\ ZHUH VPDOO a QP )LJXUH G DQG ZHOOIDFHWWHG DW VL]HV RI a QP
)LJXUHHZKHUHWKHVHGLIIHUHQFHVDSSHDUHGWRGHSHQGRQWKHSRO\SHSWLGHVXVHG)RUH[DPSOH
$VXSSRUWHGWKHIRUPDWLRQRIWKHODUJHUIDFHWWHGFU\VWDOVZKLOH.JDYHVPDOOHUURXQGHG
FU\VWDOV7KHRWKHUUHDFWLRQSDUDPHWHUV>)H@>2+±@>12±@KDGRQO\DPRGHVWHIIHFWRQWKH
SDUWLFOHVL]HDQGVKDSHVXFKWKDWERWKURXQGHGDQGIDFHWWHGPRUSKRORJLHVFRXOGEHREVHUYHG
RYHUDZLGHUDQJHRILURQEDVHDQGQLWUDWHFRQFHQWUDWLRQV)LJXUH6E7KHUHVXOWVREWDLQHGLQ
WKHDEVHQFHRIQLWUDWHZLWKSRO\SHSWLGHV)LJXUHDPLGGOHUHDFWLRQVHWZHUHDOPRVWLGHQWLFDO
WRWKHZLWKQLWUDWHFRQGLWLRQV)LJXUHDOHIWPRVWUHDFWLRQVHWFRQILUPLQJWKDWQLWUDWHGLGQRW
KDYHDVLJQLILFDQWHIIHFWRQWKHSKDVHVL]HRUVKDSHRIWKHPLQHUDOSDUWLFOHV)LJXUHVFH7KLV
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VKRZHGWKDWWKHQLWUDWHLRQVZHUHUHGXQGDQWXQGHUWKHVHOHFWHGUHDFWLRQFRQGLWLRQVDQGWKDWWKH
SDUWLDOR[LGDWLRQUHDFWLRQGHSHQGHGRQWKHSUHVHQFHRI2RQO\ 
7KHUHVXOWVLQWKLVURXQGWKHUHIRUHVKRZWKDWWKHSRO\SHSWLGHVFDQLQGXFHPDJQHWLWHIRUPDWLRQ
XQGHUFRQGLWLRQVZKHUHJRHWKLWHZRXOGEHWKHPDMRUSURGXFWLQWKHLUDEVHQFH7KHSRO\SHSWLGHV
DUHPRVWHIIHFWLYHLQWKLVUROHZLWKLQDS+UDQJHRIDQGDQ)HFRQFHQWUDWLRQRI
P0DQGWKH2SUHVHQWLQDLULVVXIILFLHQWDVDQR[LGDQW:LWKLQWKLVSDUDPHWHUVSDFHLWLV
DOVR SRVVLEOH WR VHOHFW PDJQHWLWH FU\VWDOV WKDW DUH HLWKHU ODUJHU DQG IDFHWWHG RU VPDOOHU DQG
URXQGHGDFFRUGLQJWRWKHFRPSRVLWLRQVRIWKHSRO\SHSWLGHVSUHVHQW 
 
 
2.5. Assessment of Copolymer Activity 
 
)LQDOO\DVHSDUDWHVHWRIH[SHULPHQWVZDVFRQGXFWHGXVLQJWKH(.$SRO\PHUVIURPWKH
WKLUG URXQG WR LQYHVWLJDWH WKHHIIHFWRI WKHSRO\SHSWLGHFRPSRVLWLRQVRQ WKHGLPHQVLRQVDQG
PRUSKRORJLHVRIWKHPDJQHWLWHFU\VWDOV7KHUHDFWLRQVZHUHSHUIRUPHGZLWKRXW12EXWXVLQJ
UDQJHVIRUS+DQG)HFRQFHQWUDWLRQP0WKDWKDGSURGXFHGPDJQHWLWHLQ
WKH SUHVHQFH RI WKH SRO\SHSWLGHV LQ DOO SUHYLRXV URXQGV$OO UHDFWLRQV SURGXFHG PDJQHWLWH
)LJXUHEXWVRPHJRHWKLWHDOVRIRUPHGXQGHUFRQGLWLRQVZLWKKLJKS+!DQGORZ)H
FRQFHQWUDWLRQV  P0 &RQWURO UHDFWLRQV SHUIRUPHG ZLWKRXW SRO\SHSWLGHV DOVR \LHOGHG
PDJQHWLWH )LJXUH 6 DV LV FRPPRQ LQ SDUWLDO R[LGDWLRQ UHDFWLRQV XVLQJ R[\JHQ DV WKH
R[LGDQW>E@EXWPDJQHWLWHIRUPDWLRQRFFXUUHGOHVVUHSURGXFLEO\UHODWLYHWRUHDFWLRQVFRQGXFWHG
ZLWK(.$SRO\PHUDGGLWLYHV)LJXUHDYV)LJXUH6 
:LWKLQWKLVSDUDPHWHUVSDFHZHLGHQWLILHGDUHODWLYHO\QDUURZVHWRIFRQGLWLRQVS+
>)H@ P0ZKHUHWKHFRQWUROUHDFWLRQVJHQHUDWHGODUJH|QPPDJQHWLWHFU\VWDOV
LQDGGLWLRQWRRWKHULURQK\GUR[LGHSDUWLFOHV1RWDEO\WKHSRO\SHSWLGHVKDGDVLJQLILFDQWHIIHFW
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RQWKHVL]HDQGVKDSHRIPDJQHWLWHFU\VWDOVXQGHUWKHVHFRQGLWLRQV7KLVVHWRIFRQGLWLRQVZDV
WKHUHIRUHVHOHFWHGWRLQYHVWLJDWHWKHHIIHFWVRIWKHSRO\SHSWLGHFRPSRVLWLRQDORQHRQWKHVL]H
DQGVKDSHRIWKHPDJQHWLWHFU\VWDOV 
/RZ>(.$@>)H@UDWLRV|\LHOGHG|QPFU\VWDOVZLWKIDFHWWHGPRUSKRORJLHVZLWK
DOORIWKHSRO\SHSWLGHV)LJXUH6ZKHUHWKHVHFU\VWDOVDUHPXFKVPDOOHUWKDQWKHPDJQHWLF
SDUWLFOHV IRUPHG LQ WKH FRSRO\PHUIUHH FRQWUROV )LJXUH7KHFU\VWDOV UHGXFHG LQ VL]HRQ
LQFUHDVHRIWKH>(.$@>)H@UDWLRVWR|)LJXUHVDQG6DQGDFOHDUGHSHQGHQF\RIWKHLU
VL]HVDQGPRUSKRORJLHVRQWKHSRO\SHSWLGHFRPSRVLWLRQVZDVDOVRREVHUYHG:KLOHK\GURSKRELF
SRO\SHSWLGHVZLWKDKLJKDODQLQH $ FRQWHQWJHQHUDWHG ODUJHU IDFHWWHGFU\VWDOVK\GURSKLOLF
SRO\SHSWLGHV ZLWK D ORZ DODQLQH FRQWHQW \LHOGHG VPDOOHU URXQGHG FU\VWDOV7KH FU\VWDO VL]H
GLVWULEXWLRQVUDQJHGIURPQPIRU$WRQPIRU$DQGLQDOOFDVHVWKHZLGWK
RIWKHVL]HGLVWULEXWLRQUHODWLYHWRLWVPHDQıȝZDV1RFOHDUGLIIHUHQFHVFRXOGEH
REVHUYHGEHWZHHQH[SHULPHQWVZLWKSRO\SHSWLGHVULFKLQJOXWDPLFDFLG(RUO\VLQH.ZKLFK
LQGLFDWHVWKDWERWKJOXWDPLFDFLGDQGO\VLQHDUHHTXDOO\DFWLYHSURPRWLQJWKHQXFOHDWLRQDQG
LQKLELWLQJWKHJURZWKRIPDJQHWLWHQDQRSDUWLFOHV 
 
3. Discussion 
 
:KLOH D QXPEHU RI VWXGLHV KDYH GHPRQVWUDWHG WKDW ELRPDFURPROHFXOHV SURYLGH SURPLVLQJ
FRQWURODJHQWVIRULQYLWURPDJQHWLWHV\QWKHVLVWKHPHFKDQLVPVE\ZKLFKWKH\RSHUDWHDUHDV
\HW SRRUO\ XQGHUVWRRG>E F@ 0RVW LQWHQVHO\ LQYHVWLJDWHG LV 0PV D PDJQHWRVRPH SURWHLQ
H[WUDFWHGIURPPDJQHWRWDFWLFEDFWHULDZKLFKLQGXFHVWKHIRUPDWLRQRIZHOOGHILQHGQP
PDJQHWLWHFU\VWDOVZLWKDFXERRFWDKHGUDOPRUSKRORJ\>@$QXPEHURIXVKDYHDOVRUHFHQWO\
VKRZQ WKDW WKH (.$ SRO\SHSWLGHV FDQ EH XVHG WR FRQWURO WKH VKDSH DQG VL]H RI PDJQHWLWH
SUHFLSLWDWHG LQ D IHUULK\GULWHEDVHG V\QWKHVLV E\ ELQGLQJ )H DQG WKHUHE\ FKDQJLQJ WKH
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FRQGLWLRQV XQGHU ZKLFK QXFOHDWLRQ RFFXUV 1XFOHDWLRQ LV HLWKHU LQKLELWHG>G@ RU WKH UHDFWLRQ
SDWKZD\ LV FKDQJHG OHDGLQJ WR D UHGXFWLRQ LQ WKH SRO\GLVSHUVLW\ RI WKH UHVXOWLQJ FU\VWDO>@
5HFHQWO\WKHSRO\HOHFWURO\WHSRO\DVSDUWLFDFLGS$VSZKLFKLVIUHTXHQWO\XVHGDVDPLPLF
RI ELRPLQHUDOL]DWLRQ SURWHLQV ZDV DOVR VKRZQ WR H[HUW SKDVH FRQWURO RYHU LURQ R[LGH E\
VHOHFWLQJ IHUULK\GULWH )H2ā[+2 RYHU OHSLGRFURFLWH Ȗ)H22+ GXULQJ WKH V\QWKHVLV RI
DTXHRXVLURQR[\K\GUR[LGHXVLQJDLUDVD)HR[LGDQW>@ 
7KHJHQHWLFDOJRULWKPJXLGHGFRPELQDWRULDOPHWKRGGHVFULEHGKHUHDOORZVXV WRH[SORUHD
ZLGHUHDFWLRQODQGVFDSHDQGWKXVEXLOGDPRUHFRPSUHKHQVLYHXQGHUVWDQGLQJRIWKHDFWLYLW\RI
WKH(.$SRO\SHSWLGHVLQFRQWUROOLQJPDJQHWLWHSUHFLSLWDWLRQ2XUDSSURDFKUDSLGO\LGHQWLILHG
UHDFWLRQFRQGLWLRQVZKLFK\LHOGIHUULK\GULWHRUJRHWKLWHLQWKHDEVHQFHRIWKHVHSRO\SHSWLGHV
DQGSKDVHSXUHPDJQHWLWHFU\VWDOVZLWKUHODWLYHO\QDUURZVL]HGLVWULEXWLRQVLQWKHLUSUHVHQFH
7KHVH DHURELF VROXWLRQ FRQGLWLRQV DOVR UHOLDEO\ JHQHUDWH SKDVHSXUH ZHOOGHILQHG PDJQHWLWH
QDQRSDUWLFOHVZLWKQRQHHGIRUDQDGGLWLRQDOR[LGDQW,QFRQWUDVWWKHSDUWLDOR[LGDWLRQPHWKRG
XVLQJDLURIWHQSURGXFHVJRHWKLWHĮ)H22+DVDVLGHSURGXFW>D@ 
0RVWLQWHUHVWLQJO\WKHSRO\SHSWLGHVGULYHWKHIRUPDWLRQRIPDJQHWLWHXQGHUFRQGLWLRQVZKHUH
IHUULFK\GUR[LGHVZRXOGRWKHUZLVHEHIRUPHG7KLVFDQEHDWWULEXWHGWRELQGLQJRIWKH)H
LRQVE\WKHSRO\SHSWLGHVZKLFKUHGXFHVWKHUDWHRIR[LGDWLRQDQGSUHFOXGHVRYHUR[LGDWLRQ$
 VWRLFKLRPHWULF UDWLR RI )H DQG )H LV WKXV JHQHUDWHG DV UHTXLUHG IRU WKH IRUPDWLRQ RI
PDJQHWLWH$VVXFKSDUWLDOR[LGDWLRQLQWKHSUHVHQFHRIR[\JHQRFFXUVE\LQLWLDOR[LGDWLRQRIWKH
VXUIDFHRIWKH)H2+SUHFXUVRUDQGLWVVXEVHTXHQWUHDFWLRQZLWK)H,,VSHFLHVLQVROXWLRQ>@
ZH H[SHFW WKDW WKH PRGXODWLQJ HIIHFW RI WKH SRO\SHSWLGHV DULVHV IURP WKHLU ELQGLQJ WR WKH
SUHFXUVRUVXUIDFH 
2XUH[SHULPHQWVDOVRGHPRQVWUDWHWKDWWKHVL]HVDQGVKDSHVRIWKHPDJQHWLWHFU\VWDOVFDQEH
ILQHWXQHGDFFRUGLQJ WR WKHFRPSRVLWLRQVRI WKHSRO\SHSWLGHV$Q LQFUHDVH LQ WKH IUDFWLRQRI
K\GURSKLOLFDPLQRDFLG UHVLGXHV (DQG.SURGXFHGVPDOOHUSDUWLFOHVZLWK URXQGHGVKDSHV
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7KLV LQGLFDWHV WKDW WKHVH K\GURSKLOLF UHVLGXHV DUH DFWLYH LQ FRQWUROOLQJ WKH JURZWK RI WKH
QDQRSDUWLFOHVPRVWOLNHO\WKURXJKELQGLQJWRWKHQDQRSDUWLFOHVXUIDFH>F@/LWWOHFKDQJHLQWKH
VL]H GLVWULEXWLRQ RI WKH FU\VWDOV ZDV REVHUYHG DFFRUGLQJ WR WKH SRO\SHSWLGH FRPSRVLWLRQV
H[SORUHG KHUH KRZHYHU DQG DOWKRXJK IDLUO\ XQLIRUP FU\VWDO SRSXODWLRQV ZHUH REWDLQHG WKH
UHODWLYHZLGWKVRIWKHVL]HGLVWULEXWLRQVıȝRIWKHREWDLQHGQDQRSDUWLFOHVVHOGRPIHOOEHORZ
 1RWDEO\ ERWK SRVLWLYHO\>E@ DQG QHJDWLYHO\>F F@ FKDUJHG ELRPDFURPROHFXODU
DGGLWLYHVKDYHSUHYLRXVO\EHHQVKRZQWR\LHOGQDUURZVL]HGLVSHUVLWLHVEHWZHHQDQG
7KLVVXJJHVWVWKDWWKHVL]HGLVWULEXWLRQFDQEHHIIHFWLYHO\FRQWUROOHGDFFRUGLQJWRWKHVWUXFWXUH
RIWKHDGGLWLYHZKHUHRXUFRPELQDWRULDOVFUHHQLQJSODWIRUPZRXOGRIIHUDQDWWUDFWLYHPHDQVRI
LGHQWLI\LQJSRWHQWLDOFDQGLGDWHV 
,WLVLPSRUWDQWWRQRWHWKDWWKHFRPELQDWRULDOVWUDWHJ\HPSOR\HGKHUHLVHVVHQWLDOWRWKHHIILFLHQW
LGHQWLILFDWLRQ RI )H FRQFHQWUDWLRQV DQG S+ OHYHOV WKDW SURYLGH RSWLPDO FRQGLWLRQV IRU WKH
SRO\SHSWLGHVWRGLUHFWWKHSRO\PRUSKVL]HDQGVKDSHRIWKHPDJQHWLWHQDQRFU\VWDOV7KHVHWZR
SDUDPHWHUV DORQH LQIOXHQFH D QXPEHU RI NH\ DVSHFWV RI WKLV FRPSOH[ UHDFWLRQ V\VWHP )RU
H[DPSOHWKHS+QRWRQO\GHWHUPLQHVWKHELQGLQJRIWKHSRO\PHUWRWKHPLQHUDOVXUIDFHEXWDOVR
WKHNLQHWLFVRIPDJQHWLWHIRUPDWLRQZKHUHWKHODWWHULVGHWHUPLQHGE\WKHUDWHRIR[LGDWLRQDQG
WKHQDWXUHDQGFRQFHQWUDWLRQVRIWKH)H,,VSHFLHVLQVROXWLRQ,QWXUQWKHVHDUHDOOLQIOXHQFHG
E\WKHLQLWLDO)HFRQFHQWUDWLRQDQGWKHDPRXQWRISRO\PHUSUHVHQWERWKLQVROXWLRQDQGRQWKH
PLQHUDOVXUIDFH*LYHQWKHQXPEHURIYDULDEOHV±DQGWKHIDFWWKDWWKHVHDUHDOOVXEWO\FRQQHFWHG
±WKLVLVFOHDUO\DV\VWHPZKHUHLGHQWLILFDWLRQRIFRQGLWLRQVWKDW\LHOGSURGXFWVZLWKWKHWDUJHW
SURSHUWLHV YDVWO\ EHQHILWV IURP DQ KHXULVWLF RSWLPL]DWLRQ VXFK DV WKH JHQHWLF DOJRULWKPV
HPSOR\HGKHUH 
)LQDOO\ZHGUDZDWWHQWLRQ WR WKH IDFW WKDWRXUJHQHWLFDOJRULWKPOHGVWUDWHJ\ LQRQO\ WKUHH
VFUHHQLQJURXQGVKDV OHG WR WKHVXFFHVVIXO LGHQWLILFDWLRQRIUHDFWLRQFRQGLWLRQV WKDWJHQHUDWH
PDJQHWLWHQDQRSDUWLFOHVZLWKDQDUURZVL]HGLVWULEXWLRQVP DQGGLDPHWHUVUDQJLQJIURP
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QPLHLQWKHVLQJOHGRPDLQUDQJHLQDVLPSOHURRPWHPSHUDWXUHDTXHRXVV\QWKHVLV
SHUIRUPHGXQGHUDHURELFFRQGLWLRQV&XUUHQWO\PRVWV\QWKHWLFPDJQHWLWHLVSURGXFHGWKURXJK
WKH FRSUHFLSLWDWLRQ RI )H DQG )H DW KLJK S+ WKH 0DVVDUW UHDFWLRQ>E@ ZKLFK RZHV LWV
SRSXODULW\WRLWVH[SHULPHQWDOVLPSOLFLW\+RZHYHUWKHPDJQHWLWHQDQRSDUWLFOHVJHQHUDWHGDUH
SRO\GLVSHUVHDQGVXSHUSDUDPDJQHWLFZLWKGLDPHWHUVRIQP6LPSOHDTXHRXVSURFHGXUHV
\LHOGLQJ VLQJOH GRPDLQ PDJQHWLWH SDUWLFOHV KDYH EHHQ GHVFULEHG>@ EXW DJDLQ \LHOG D ZLGH
GLVWULEXWLRQ RI SDUWLFOH VL]HV 7R JHQHUDWH VLQJOH GRPDLQ PDJQHWLWH ZLWK QDUURZ VL]H
GLVWULEXWLRQVUHTXLUHVWKHVWULQJHQWH[FOXVLRQRIR[\JHQ>F@DQGRIWHQDOVRHOHYDWHGWHPSHUDWXUHV
KDYHEHHQUHTXLUHG>@ 
6LPLODUWRZKDWZHGHPRQVWUDWHGLQSUHYLRXVVWXGLHVZHH[SHFWWKDWWKHLQWHUDFWLRQVRIWKH
SRO\SHSWLGHVZLWKWKHPDJQHWLWHVXUIDFHZLOODOORZWKHJHQHUDWLRQRIGLVSHUVLEOHFROORLGDOVWDEOH
VLQJOH GRPDLQ PDJQHWLF QDQRSDUWLFOHV>G@ WKDW PD\ ILQG SRVVLEOH DSSOLFDWLRQV LQ VHSDUDWLRQ
WHFKQRORJ\ RU PDJQHWLF UHVRQDQFH LPDJLQJ $OWKRXJK ZH XVHG SRO\SHSWLGHV WR PHGLDWH
PDJQHWLWH IRUPDWLRQ KHUH ZH VWURQJO\ EHOLHYH WKDW VLPLODU UHVXOWV FDQ EH REWDLQHG E\ PRUH
FRPPRQ UHDGLO\ DYDLODEOH SRO\PHUV VXFK DV DFU\ODWH FRSRO\PHUV IURP GLIIHUHQW DQLRQLF
FDWLRQLF DQG K\GURSKRELF PRQRPHUV ,QGHHG WKH H[SHULPHQWDO DSSURDFK GHVFULEHG KHUH LV
LGHDOO\VXLWHGWRWKHLGHQWLILFDWLRQRIDGGLWLYHV±RUFRPELQDWLRQVRIDGGLWLYHV±WKDWFDQFRQWURO
PDJQHWLWHSUHFLSLWDWLRQLQDTXHRXVFRQGLWLRQV 
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4. Conclusion 
 
7KLVZRUNGHVFULEHVKRZFRPELQDWRULDOSURFHVVHVJXLGHGE\JHQHWLFDOJRULWKPVSURYLGHD
XQLTXHPHDQVWR LQYHVWLJDWHDQGRSWLPL]HELRLQVSLUHGPLQHUDOL]DWLRQVWUDWHJLHV$GGUHVVLQJ
WKHFRPSOH[SURFHVVRIFRSRO\PHUGLUHFWHGPDJQHWLWHIRUPDWLRQZHVKRZWKDWWKLVHYROXWLRQDU\
VWUDWHJ\ FDQ EH XVHG WR VLPXOWDQHRXVO\ RSWLPL]H WKH SKDVH SXULW\ VL]H GLVWULEXWLRQ DQG
PRUSKRORJ\ RI PDJQHWLWH FU\VWDOV 7KLV DSSURDFK KDV SURYHQ SDUWLFXODUO\ YDOXDEOH LQ WKH
LQYHVWLJDWHGPLQHUDOL]DWLRQV\VWHPZKHUHWKHSUHFLSLWDWLRQRILURQR[\K\GUR[LGHLVH[WUHPHO\
VHQVLWLYHWRWKHVROXWLRQFRQGLWLRQVDQGZHDUHHYDOXDWLQJDGLYHUVHVHWRIVWUXFWXUDOO\GLVWLQFW
SRO\SHSWLGHV 2XU FRPELQDWRULDO VFUHHQLQJ SURFHVV VKRZV WKDW SRO\SHSWLGH DGGLWLYHV FDQ
SURPRWHPDJQHWLWHIRUPDWLRQXQGHUUHDFWLRQFRQGLWLRQVZKHUHWKLVSKDVHLVQRUPDOO\QRWIRUPHG
LQVWHDGJRHWKLWHLVREWDLQHGDQGZHGHPRQVWUDWHWKDWWKH>SRO\SHSWLGH@>)H@UDWLRDQGWKH
SRO\SHSWLGH FRPSRVLWLRQV ERWK FRQWURO WKH VL]HV DQG VKDSHV RI WKH PDJQHWLWH FU\VWDOV 7KH
K\GURSKLOLFUHVLGXHVLQWKHSRO\SHSWLGHVSURPRWHPDJQHWLWHQXFOHDWLRQDQGWKHSURGXFWVFDQEH
WXQHGZLWKLQWKHIHUULPDJQHWLFVLQJOHGRPDLQVL]HUHJLPHIURP|QPURXQGHGSDUWLFOHVWR
|QPIDFHWWHGFU\VWDOVE\LQFUHDVLQJWKHIUDFWLRQRIK\GURSKRELFDPLQRDFLGV7KLVFRQWURO
RYHU QDQRSDUWLFOH VL]H LV GLUHFWO\ FRXSOHG WR WKH PDJQHWLF SURSHUWLHV RI WKHVH PDJQHWLWH
QDQRFU\VWDOV7KHPHWKRGRORJLHVSUHVHQWHGKHUHWKHUHIRUHRSHQWKHGRRUWRIXUWKHURSWLPL]DWLRQ
RI WKH V\QWKHVLV RI PDJQHWLWH DQG LQGHHG D ZLGH UDQJH RI IXQFWLRQDO PDWHULDOV SURGXFHG LQ
DTXHRXVPHGLXP 
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Figure 1. Overview of the genetic optimization strategy employed in this study. Random 
JHQHUDWLRQRIUHDFWDQWFRQFHQWUDWLRQV³JHQHV´DQGVXEVHTXHQWVHOHFWLRQUHFRPELQDWLRQDQG
mutation of those genes leads to successful magnetite synthesis, where the phase purity and 
size distributions of the nanoparticles could be genetically optimized over three generations of 
experiments. See the text for more details. 
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Figure 2. First generation screening. a) Pictures of the three 96-well plates containing the 
products of the 240 first generation (parent) experiments without (Ctrl, no magnetite 
formation) and with the 9 different EKA additives (see Table 1). A black precipitate color 
combined with responsiveness of the precipitate to a magnet was used as a proxy for 
successful conversion to magnetite, where this was confirmed to have taken place in 42 of the 
216 experiments (19%) with EKA additives. b) Scatter plot of the randomly generated Fe2+ 
concentrations and [EKA] / [Fe2+] ratios for the 216 experiments. Black dots represent 
successful conversion to magnetite, orange dots represent unsuccessful conversion, where 
other iron (oxyhydr)oxides were produced instead.  
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Figure 3. Scheme visualizing the concept of the use of genetic algorithms by generation of 12 
new daughter experiments out of 6 successful parent experiments (1-6). The process involves 
the random selection of 2 parent experiments and the recombination of their [Fe2+] and [EKA] 
genes to create 2 daughter experiments. Once a [Fe2+] gene is selected for the second time, it 
is randomly mutated (indicated by an asterisk (*) and a color shift) to avoid duplicate 
daughter experiments. The 6 parent experiments and 12 daughter experiments are subsets of 
the 42 / 11 parent experiments and 96 / 32 daughter experiments in optimization rounds 2 / 3, 
respectively.  
 
  
25 
 
 
Figure 4. Second generation screening. a) Picture of the 96-well plate containing the products 
of the 96 second generation experiments. A black color with a magnetic response indicates 
successful conversion to magnetite in 42 of the 96 experiments (44%). b) Scatter plot of the 
genetically optimized Fe2+ concentrations and [OH±]excess for the 96 experiments. c-e) 
Representative TEM images with corresponding SAED patterns of c) goethite, d) magnetite 
and e) ferrihydrite. The colors correspond to those in b). 
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Figure 5. Second generation screening. a-c) Scatter plots of the a) [E] / [Fe2+] ratio, b) [K] / 
[Fe2+] ratio and c) [A] / [Fe2+] ratio plotted against [OH±]excess for the 42 successful second 
generation experiments. d) Representative TEM images of (left to right) poorly crystallized 
magnetite, magnetite with a broad size distribution, magnetite with a narrow size distribution 
and octahedral magnetite crystals mixed with goethite needles. The colors of the picture 
borders correspond to those of the dots in a-c). 
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Figure 6. Third generation screening. a) Picture of the 96-well plate containing the products 
of the 3 × 32 third generation, with (w/) or without (w/o) oxidant (KNO3) or additives (EKA). 
b) Scatter plot of the genetically optimized Fe2+ concentrations and [OH±]excess for the 3 × 
32 experiments. The circles and squares indicate for selected experiments which wells 
correspond to which reactant concentrations. c-e) Representative TEM images of the selected 
experiments with (w/) or without (w/o) oxidant (KNO3). The colors correspond to those in a) 
and b). 
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Figure 7. Additional experiments using the conditions that previously successfully gave 
magnetite (30 mM < [Fe2+] < 90 mM, 40 mM < [OH±]excess < 120 mM). a) Picture of the 96-
well plate containing the products of 32 out of the 96 additional experiments, all repeated 3 
times, showing good reproducibility. b) Scatter plot of the reactant concentrations of the 96 
additional experiments: [Fe2+] plotted against [OH±]excess. c) Typical TEM images of the 
magnetite products obtained without (w/o) or with (w/) additives in different areas in the 
parameter space. The color codes correspond to those in b). 
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Figure 8. Typical TEM images of magnetite products in the 50-70 mM [Fe2+] / 80-120 mM 
[OH±]excess parameter space without (Control) or with various EKA additives at a [EKA] / 
[Fe2+] ratio of ~1/8, showing a trend from smaller (~24 nm), rounded particles to larger (~39 
nm), facetted crystals, depending on the A content of the copolypeptides. Statistical analyses 
showed that the increases in mean particle size between the different samples are significant 
(see the caption of Figure S8 in the supporting information). 
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Table 1. Overview of all random polypeptide 
additives applied in this study, the sample 
codes used for reference and their amino acid 
compositions. 
Sample code Amino acid composition [mol%] a 
E19 [E]19%[K]36%[A]45% 
E48 [E]48%[K]22%[A]30% 
E76 [E]76%[K]14%[A]10% 
K18 [E]36%[K]18%[A]46% 
K45 [E]27%[K]45%[A]28% 
K81 [E]09%[K]81%[A]10% 
A05 [E]49%[K]46%[A]05% 
A37 [E]32%[K]31%[A]37% 
A59 [E]21%[K]20%[A]59% 
 
      
a)
 Determined from 1H NMR data. [19] 
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Materials and Methods 
 
Chemicals 
$OOH[SHULPHQWV LQYROYHGXOWUDSXUHZDWHU UHVLVWLYLW\0ȍāFPDW &ZKLFKZDVGH-
aerated using a N2 flow for at least 30 min prior to use. FeCl2·4H2O, KOH and KNO3 were 
purchased from Merck. All chemicals were used as received. The random amino acid 
copolymer additives were synthesized and analyzed as described in an earlier publication.* 
 
9'PLWURYLü--0/HQGHUV+5=RSH*GH:LWK$.URVDQG1$-06ommerdijk, 
³/LEUDU\RI5DQGRP&RSRO\SHSWLGHVE\6ROLG3KDVH6\QWKHVLV´Biomacromolecules 2014, 15 
(10), 3687-3695. 
 
 
Combinatorial screening experiments 
All reactions were performed on a 200 µL scale with the aid of a Hamilton Microlab STAR 
liquid handling pipetting workstation, and GreinerTM µClear flat-bottomed 96 well plates, 
(clear), assigning a maximum volume of 50 µL for each of the stock solutions of FeCl2, KOH, 
KNO3 and amino acid copolymers, while in all cases the reaction volume was set to 200 µL by 
the addition of pure water. Further, the lower boundary conditions for the base and the oxidant 
were set to [OH±] = 2 [Fe2+] and [NO3±] = 1/3 [Fe2+] to ensure that the experiments exclusively 
sampled conditions with an excess of base and oxidant. The freshly prepared FeCl2 stock 
solution was always added to the KOH / KNO3 / additive / water mixtures as the final step to 
avoid premature oxidation. Subsequently, the 96-well plate was closed by a sealing mat and 
vigorously mixed over night at 1200 rpm using a mechanical shaking device to homogenize the 
reaction mixture and allow the partial oxidation to be completed. Identification of conversion 
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to magnetite was initially performed by inspection of the color and magnetic response to a 
handheld neodymium disc magnet. 
For the preparation of the first generation of samples the following procedure was used:  
Aqueous stock solutions were prepared in volumetic flasks immediately before use. Stocks of 
potassium hydroxide (1.2 M, 1.6833 g in 25 mL de-aerated water) and potassium nitrate (200 
mM, 0.5055 g in 25 mL de-aerated water) were used as prepared. Stock solution of iron (ii) 
chloride (0.63375 g in 25 mL de-aerated water) was filtered through a syringe-driven 0.22 µm 
polycarbonate filter prior to use to remove trace insoluble particles to yield a clear, green 
solution. Each EKA polypeptide was prepared in a 7 mL glass vial to the predetermined final 
concentration with de-aerated water. Using the liquid-handling pipetting workstation, specific 
volumes of de-aerated water; and potassium hydroxide, potassium nitrate and EKA polypeptide 
stock solutions were mixed in the 96-well plates, before the addition of iron (ii) chloride 
solution to initiate the reaction, make up each reagent to the final desired concentration and a 
final volume of 200 µL. Potassium hydroxide, potassium nitrate and iron (ii) chloride salts were 
added from 120 mL troughs using 300 µL pipette tips to ensure rapid transfer of larger volumes 
(>50 µL). EKA polypeptides were added from 8 mL barcoded stock glass vials using 50 µL to 
ensure higher accuracy due to lower volumes required. Well plates were immediately sealed 
after the final additions were made using well plate sealing mats (Corning) before vigorous 
mixing at 1200 rpm using a mechanical shaker for 16 h. 
Similar procedures were used for the follow-up reactions.  
 
Transmission electron microscopy (TEM) 
For conventional TEM, 200 mesh Cu grids with continuous carbon films (Agar Scientific) were 
used. All TEM grids were surface plasma treated for 40 seconds using a Cressington 208 carbon 
FRDWHUSULRUWRXVH6DPSOHSUHSDUDWLRQLQYROYHGGURSSLQJȝ/DTXHRXVGLVSHUVLRQRQWRD7(0
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grid, blotting using filter paper and allowing the grid to dry to the air. TEM samples were 
studied on a FEI Tecnai 20 (type Sphera) operated at 200 kV, equipped with a LaB6 filament 
and a 1k × 1k Gatan CCD camera. Gatan DigitalMicrograph (including DiffTools) and ImageJ 
were used for TEM image and SAED pattern analysis. 
 
 
Crystal size measurements 
Crystal size distributions were determined by manually measuring both the long and short axis 
of 200 individual crystals per sample in calibrated TEM images in MATLAB. The average of 
the long and short axis per crystal was taken as the crystal size. Crystal sizes are reported as 
mean ± sample standard deviation. In all statistical tests an alpha value of 0.05 was used (95% 
confidence level). Prior to all t-tests, one-tailed F-tests were carried out to determine whether 
the variances in the two crystal size distributions under investigation should be treated as equal 
or unequal. For all t-tests, the determined t value was compared to the two-tailed critical t value, 
and the corresponding two-tailed p value is reported. 
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Figure S1 | Scatter plots of the randomly generated reactant concentrations for the 240 first 
round (parent) experiments: a) [OH±]  / [Fe2+]  ratio and b) [NO3±]  / [Fe2+]  ratio plotted against 
the Fe2+ concentration. c) Column diagram of the outcome of all experiments using the different 
EKA copolymers. The color codes are all as in c): black = successful conversion to magnetite, 
orange = unsuccessful conversion to other iron (oxyhydr)oxides. 
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Figure S2 | Scatter plots of the genetically optimized reactant concentrations for the 96 second 
round (daughter) experiments: a) [EKA] / [Fe2+] ratio and b) [NO3±] / [Fe2+] ratio plotted 
against the Fe2+ concentration. c) Column diagram of the outcome of all experiments using the 
different EKA copolymers. The color codes are all as in c): green = goethite, orange = 
ferrihydrite, red =  multi-phase mixtures with magnetite and black = phase-pure magnetite. 
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Figure S3 | Scatter plots of the genetically optimized reactant concentrations for the 42 
successful second round (daughter) experiments: a) [EKA] / [Fe2+]  ratio plotted against the 
[OH±] excess and b) [NO3±] / [Fe2+] ratio plotted against the Fe2+ concentration. c) Column 
diagram of the outcome of all experiments using the different EKA copolymers. The color codes 
are all as in c): purple =  octahedral magnetite crystals and goethite, pink = magnetite with a 
narrow size distribution, blue =  magnetite with a broad size distribution, green = poorly 
crystallized magnetite. 
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Figure S4 | Pictures of the 11 experiments that gave well-defined magnetite crystals in the first 
and second screening generations, and which were therefore selected as parent reactions for 
the 3rd screening round. Parent reaction conditions were examined by conducting 4 replicates 
of each reaction; shown are TEM images corresponding with the 4 repeats of 2 selected 
experiments (3 and 7, using A59 and K81 as the additive, respectively). The experiments 
showed a good reproducibility, with only the third repeat of the first experiment (non-magnetic) 
being a clear outlier. The reason for this is unclear. All other results were similar to the original 
experiments. 
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Figure S5 | Scatter plots of the genetically optimized reactant concentrations for the 3 ×  32 
third round (granddaughter) experiments: a) [EKA] / [Fe2+] ratio and b) [NO3±] / [Fe2+] ratio 
plotted against the Fe2+ concentration. The circles and squares indicate for selected 
experiments which wells in Figure 6a in the main text correspond to which combinations of 
reactant concentrations. 
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Figure S6 | Picture of the 96-well plate containing the products of the control experiments 
without the EKA copolymer additives of the 32 experiments to assess the role of the additive 
composition, all repeated 3 times, showing poor reproducibility. Each horizontal line of wells 
contains 4 unique experiments carried out 3 times. 
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Figure S7 | Typical TEM images of magnetite products in the 50-70 mM Fe2+ / 80-120 mM 
OH± excess parameter space with A05, K81, K18 and A59 as additives at a [EKA] / [Fe2+]  
ratio of ~1/40, showing little difference between all experiments. For the control reaction 
without polymer, see Figure S8. 
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Figure S8 | Comparing experiments without (Control) or with all different EKA additives at a 
[EKA] / [Fe2+]  ratio of ~1/8, in a narrow subset of conditions (50 mM < [Fe2+]  <  70 mM, 80 
mM < [OH±] excess <  120 mM) from all experiments. Typical TEM images and size histograms 
of the products, showing a trend from smaller (~24 nm), rounded particles to larger (~39 nm), 
facetted crystals, depending on the A content of the copolymers. Statistical analyses showed 
that the increases in mean particle size are small but significant between K81 and E48 (t(398) 
= 2.65, p = 0.0083), A37 and E19 (t(398) = 2.63, p = 0.0088) and K18 and A59 (t(398) = 5.20, 
p < 0.001), for which the steps in the increasing A content indeed are rather large. The 
differences in average crystal size were found to be insignificant between A05 and K81 (t(361) 
= 0.76, p = 0.45), E48 and A37 (t(398) = 1.77, p = 0.077) and E19 and K18 (t(384) = 1.34, p = 
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0.18), for which the A contents are similar as well. Further, in all cases the relative width of 
the size distribution was ~30%. 
 
